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Abstract 
The purpose of this study was to implement the monthly FAO Penman-Monteith evapotranspiration estimation method in a GIS 
environment, given the importance of spatial estimation of the evapotranspiration in the rational management of water resources 
and also the lack of easily applicable methodology in GIS environment. In this context, a Python programming language script 
was developed for implementing monthly FAO Penman-Monteith evapotranspiration equation, in ESRI’s ArcMap environment. 
This approach has the advantage of being independent of the type of geospatial data and can be applied in point, line and polygon 
data while at the same time being flexible and time saving without loss of accuracy. The methodology was applied using 
meteorological data of the 2011 irrigation period (March to September), acquired from the meteorological station located at the 
campus of Technological Educational Institute of Western Greece at Messolonghi (38o 21’ 58’’ N; 21o 28’ 41’’ E), with the 
results being very satisfactory. 
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1. Introduction 
Evapotranspiration is a key hydrometeorological process and its estimation is important in many fields of 
hydrological and agricultural sciences. Accurate estimation of evapotranspiration has gained scientific interest due to 
high importance in hydrological modelling, irrigation planning and water resources management. According to 
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Farquhar and Roderick (2007), changes in evaporative demand affect fresh water supplies and have impact on 
agriculture, the biggest consumer of fresh water. Estimating water requirements for irrigation purposes goes back to 
1890 in the USA (Jensen and Haise, 1963). 
This study presents an implementation of the monthly FAO Penman-Monteith evapotranspiration estimation 
method by using the Python scripting language, inside the ESRI’s ArcMap environment. This approach has the 
advantage of being independent of the type of geospatial data and can be applied in point, line and polygon data 
while at the same time being flexible and time saving without loss of accuracy.  
The methodology was applied using meteorological data of the 2011 irrigation period (March to September), 
acquired from the meteorological station located at the campus of Technological Educational Institute of Western 
Greece at Messolonghi. 
2. Penman-Monteith evapotranspiration model 
The Penman-Monteith formulation (Monteith, 1981) was proposed by FAO as the standard method for 
computing Potential or Reference Evapotranspiration (ET0) (Allen et al., 1989) and has had numerous successful 
applications in hydrology and agrometeorology in various hydroclimatic regimes.  
By defining the reference crop as a hypothetical crop with an assumed height of 0.12 m having a surface 
resistance of 70 s m–1 and an albedo of 0.23, closely resembling the evaporation of an extension surface of green 
grass of uniform height, actively growing and adequately watered, the FAO Penman-Monteith method was 
developed. The FAO model (Allen et al., 1998) of the Penman-Monteith equation to estimate potential evaporation 
or evapotranspiration is expressed as: 
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where ET0 is potential evapotranspiration (mm/d), Rn is net radiation at the at the crop surface, G is the soil heat 
flux density, T is the mean air temperature at 2 m height, u2 is the wind speed at 2 m height, Δ is the slope of the 
saturation vapor pressure curve, γ is the psychometric coefficient while es and ea are the saturation and actual vapour 
pressures.  
2.1. Required data 
Apart from the site location, the FAO Penman-Monteith equation requires air temperature, humidity, radiation 
and wind speed data for daily, weekly, ten-day or monthly calculations. 
3. Python scripting language 
Python is a multi-paradigm programming language: object-oriented programming and structured programming 
are fully supported, and there are a number of language features which support functional programming and aspect-
oriented programming. Python uses dynamic typing and a combination of reference counting and a cycle-detecting 
garbage collector for memory management. An important feature of Python is dynamic name resolution (late 
binding), which binds method and variable names during program execution. All Python releases are Open Source 
and historically, most, but not all, Python releases have also been GPL-compatible (Wikipedia, 2014). 
4. Python procedures for calculating ET0 
According to Allen et al. 1998, the variables and expressions presented in Table 1 are required for the ET0 
calculation.  
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                                                            Table 1 Required variables and expressions for FAO ET0 calculation  
                                                            according to Allen et al. 1998 
Variable/Function 
Mean saturation vapour pressure (es) 
Slope of saturation vapour pressure curve (Δ) 
Actual vapour pressure (ea) derived from relative humidity data 
Vapour pressure deficit (es – ea) 
Extraterrestrial radiation (Ra) 
Solar or shortwave radiation (Rs) 
Relative shortwave radiation (Rs /Rso) 
Albedo (α) and net solar radiation (Rns) 
Net longwave radiation (Rnl) 
Net radiation (Rn) 
Soil heat flux (G) 
 
The above mentioned variables and functions were formulated in a Python script inside the ESRI’s ArcMap 
environment. The goal was to implement the Field Calculator feature, inside the shapefile attribute table. This 
approach has the advantage of being independent of the type of geospatial data and can be applied in point, line and 
polygon data while at the same time being flexible and time saving without loss of accuracy.  
 
  
Figure 1 The shapefile attribute table and the Field Calculator tool inside the ArcMap environment 
The required monthly data in order to be able to execute the script are (Fig. 1): 
 The corresponding latitude φ, (radians) and altitude (m) 
 The temperature T, (oC) 
 The relative humidity RH 
 The wind speed (m/s) 
 The actual duration of sunshine n, (h) 
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All the necessary calculations for the ET0 estimation are accomplished within the script, which is presented in the 
Appendix.  
 
4.1. Study area description 
The study area is located at the region of Western Greece near the city of Messolonghi (Fig. 2) at the 
Technological Educational Institute of Western Greece campus  and it is most likely dedicated to agriculture since it 
was reclaimed from the sea during the decade of 1960-1969. Main cultivations constitute from arable crops and 
some olive and citrus trees. 
 
  
Figure 2 Study area of Technological Educational Institute of Western Greece at Messolonghi  
5. Results 
The methodology was applied using meteorological data of the 2011 irrigation period (March to September), 
acquired from the meteorological station located at the campus of Technological Educational Institute of Western 
Greece at Messolonghi (38o 21’ 58’’ N; 21o 28’ 41’’ E). As a consequence, the crop evapotranspiration is easily 
calculated. For exploration purposes we calculated crop evapotranspiration for fields adjacent to the Messolonghi 
campus cultivated with maize, alfalfa and olive trees for the corresponding irrigation period. The results are 
presented in Fig. 3 and in Table 2. 
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                      Table 2 Results of the evapotranspiration calculation procedure, for the irrigation period 2011 (March to September) 
March April 
crop Grass Maize Alfalfa Olives Grass Maize Alfalfa Olives 
Kc 0.62 0.65 0.9 0.7 0.72 0.5 0.4 0.65 
Area (m2) 1696.51 89665.42 50993.26 2127.07 1696.51 89665.42 50993.26 2127.07 
Etc (mm/day) 1.81 1.19 0.95 1.54 2.32 1.61 1.29 2.09 
Et0 (mm/day) 2.38 2.38 2.38 2.38 3.22 3.22 3.22 3.22 
Water needs (m3) 3.06 106.5 48.45 3.28 3.93 144.28 65.64 4.45 
May June 
Grass Maize Alfalfa Olives Grass Maize Alfalfa Olives 
Kc 0.79 0.8 0.95 0.7 0.68 1.05 0.95 0.7 
Area (m2) 1696.51 89665.42 50993.26 2127.07 1696.51 89665.42 50993.26 2127.07 
Etc (mm/day) 3.24 3.29 3.9 2.88 3.43 5.3 4.8 3.54 
Eto (mm/day) 4.11 4.11 4.11 4.11 5.05 5.05 5.05 5.05 
Water needs (m3) 5.5 294.63 198.97 6.12 5.83 475.5 244.67 7.52 
July August 
Grass Maize Alfalfa Olives Grass Maize Alfalfa Olives 
Kc 0.71 1.05 0.95 0.7 0.71 0.8 1.05 0.7 
Area (m2) 1696.51 89665.42 50993.26 2127.07 1696.51 89665.42 50993.26 2127.07 
Etc (mm/day) 3.41 5.05 4.57 3.37 3.54 3.99 5.23 3.49 
Et0 (mm/day) 4.81 4.81 4.81 4.81 4.98 4.98 4.98 4.98 
Water needs (m3) 5.79 452.68 232.92 7.16 6 357.32 266.72 7.42 
September 
Grass Maize Alfalfa Olives 
Kc 0.62 0.65 0.9 0.7 
Area (m2) 1696.51 89665.42 50993.26 2127.07 
Etc (mm/day) 2.48 2.6 3.61 2.8 
Et0 (mm/day) 4.01 4.01 4.01 4.01 
Water needs (m3) 4.21 233.49 183.86 5.96 
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Figure 3 Application maps for the irrigation period 2011 (March to September) 
6. Conclusions 
The above presented methodology of calculating monthly FAO Penman-Monteith evapotranspiration, which was 
developed in the ESRI’s ArcMap environment, through Python language has the advantage of being independent of 
the type of geospatial data and is applicable to point, line and polygon geospatial data, resulting in flexibility and 
economy of time without loss of accuracy. Its application was successful and took place using meteorological data 
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of the 2011 irrigation period (March to September), acquired from the meteorological station located at the campus 
of Technological Educational Institute of Western Greece at Messolonghi.  
 
Appendix A.  
A.1. Code for calculating monthly Evapotranspition with Penman-Montheith method  
c_p = 1.013 
#constant 
epsilon = 0.622 
#constant 
I_s = 4921 
#Solar constant, kJ/m^2/h 
a_s =0.355 
b_s=0.68 
# 
Albedo = 0.25 
#Albedo constant 
a_e=0.56 
b_e=0.08 
# 
a_l=0.2 
# 
sigma=0.0000049 
#Stefan-Boltzmann constant, kJ/(m^2 K^4 d) 
coef=0.33 
# 
c2=90 
c3=273 
# 
def A(T, alt, m, RH, phi, n, Wind_speed): 
#Specific heat (kJ/kg) for a given temperature (oC) 
  templamda = 2501 - 2.361 * T 
#Standard pressure (hPa) for a given elevation (m) 
  temppressure = 1013 * (1 - 0.00002256 * alt)** 5.256 
#Air density (kg/m^3) at a given air pressure (hPa) and temperature (oC) 
  tempdensity = 0.3486 * temppressure /(273 + T) 
#Psychrometric constant (hPa/oC) for a given pressure (hPa) and Specific heat (kJ/kg) 
  tempgamma = (c_p /epsilon)* temppressure / templamda 
#Saturation vapor pressure (hPa) for a given temperature (oC) 
  tempe_s = 6.11*math.exp(17.27* T /(237.3+ T ) ) 
#Slope of the saturation vapor pressure curve (hPa/oC) for a given temperature (oC) 
  tempdelta = 4098* tempe_s /(237.3+ T )**2 
 #Astronomical quantities 
  if m==1: 
   j = 17 
  elif m==2: 
   j = 46 
  elif m==3: 
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   j = 75 
  elif m==4: 
   j = 105 
  elif m==5: 
   j =135 
  elif m==6: 
   j = 162 
  elif m==7: 
   j = 198 
  elif m==8: 
   j = 228 
  elif m==9: 
   j = 258 
  elif m==10: 
   j = 289 
  elif m==11: 
   j = 319 
  elif m==12: 
   j = 345 
 
  #vapor pressure (hPa)  
  tempe = tempe_s * RH 
#Solar declination (rad) for a given day 
  tempdeclination = -0.4093* math.cos(2* math.pi * j / 365+0.16 ) 
#Eccentricity for a given day  
  tempeccentricity = 1+0.034* math.cos(2*math.pi* j / 365-0.05 ) 
#Sunset angle (rad) for a given day and lattitude 
  tempphi_rad = phi *math.pi/180 
  tempphi =- math.tan(tempphi_rad)* math.tan(tempdeclination) 
#For lattitude > 66.5 (or < - 66.5) 
  tempo_s=tempphi 
  if math.fabs(tempo_s) > 1.161: 
    o_s=0 
  else: 
    o_s = float(math.acos(tempo_s)) 
#edit 6-12-2013 
  tempN=(24/math.pi)*o_s 
  cl=n/tempN 
#Extraterrestial shortwave radiation (kJ/m^2/d) for a given day and lattitude 
  S0temp= (24/math.pi) * I_s * tempeccentricity 
  tempS_0=S0temp*(o_s * math.sin(tempphi_rad) * math.sin(tempdeclination)+ math.cos(tempphi_rad) * 
math.cos(tempdeclination) *math.sin(o_s)) 
  tempf_s = a_s+b_s*(1-cl) 
#Shortwave radiation (kJ/m^2/d) for given albedo, fraction of sunshine duration 
  tempS_n = (1-Albedo)*tempf_s*tempS_0 
#Lo 
  tempe_n= a_e-b_e*math.sqrt(tempe) 
  tempf_l=a_l+(1 - a_l)*(1-cl) 
#Longwave radiation (kJ/m^2/d) for given temperature (oC), fraction of sunshine duration 
  tempL_n=tempe_n*tempf_l*sigma*(T+273)**4 
#Mass transfer term for various cases of evaporation calculations 
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  tempgamma_rc=(1+coef*Wind_speed)*tempgamma 
#Mass transfer term (kg/(hPa m^2 d)) of reference crop for given wind speed (m/s) 
  tempF_rc=(c2/(T+c3))*Wind_speed 
#Penman-Montieth method 
#A=Δ/(Δ+γ')  
  tempA=tempdelta/(tempdelta+tempgamma_rc) 
#Β= γ/(Δ+γ') 
  tempB=tempgamma/(tempdelta+tempgamma_rc) 
  tempD=tempe_s-tempe 
  tempRn=tempS_n-tempL_n 
  temp_Epm=tempA*tempRn/templamda+tempB*tempF_rc*tempD 
  A=temp_Epm 
  return A 
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